The molecular dynamics (MD) simulation employing a Tersoff potential was performed to examine the nanomechanical behavior of theSiC nanowire in tension. The elongation was much larger than that of the bulk -SiC. We observed non-homogeneous deformation, and the fracture behavior was found to depend on size, orientation and temperature of the specimen. The Young's modulus calculated in this study generally decreased with temperatures and increased with the radius, namely, the diameter of the -SiC nanowire as long as the length scale remained the same. The initial orientation was found to have a more serious effect on the Young's modulus than size and temperature. The [111] Young's modulus is much higher than that of the [001] orientation. The fracture of the -SiC nanowire in the [001] orientation showed two different modes, which is brittle at 100 K and ductile at 300 and 500 K. The ductile fracture was accompanied by formation of an atomic chain. In the [111] orientation, it was always fractured in the ductile mode and thus an atomic chain was formed before rupture.
Introduction
There has been a recent intense interest in the synthesis and characterization of onedimensional nanorods and nanowires because of the great potential in mechanical, electrical and optical applications in nanotechnology. [1] [2] [3] [4] Among them, the -SiC with a zinc-blend structure has received much attention because of its superior properties such as high hardness and strength, low density, excellent resistance to oxidation and corrosion, low coefficient of thermal expansion, and high heat-transfer capability. 5) Furthermore, theSiC epitaxial thin film grown on the Si substrate can be used as a semiconductor with a band gap of about 3.3 eV and in an optoelectronic device. 6) In particular, the carbon nanotubes combined with -SiC nanowires showed properties of metalsemiconductors or metal-metal junctions that exhibit rectifying behavior. 7, 8) For the practical use of -SiC nanowires, it is important not only to investigate electronic properties, but also to understand mechanical properties such as Young's modulus of the nanostructure. The mechanical properties of metallic nanowires including Cu and Au have been actively studied, 9, 10) however, the research on ceramic or compound nanowires has not been active. There are only a few experimental data available on the mechanical properties of the bulk or nanoscale -SiC, [11] [12] [13] [14] mostly in the [111] direction. Therefore, in order to investigate the orientation-dependent mechanical behavior of the -SiC nanowires, two axis directions are chosen in this study: [001] and [111] . In addition, the effect of size and simulation temperatures on the atomistic nanomechanical behavior was examined because Cornwell and Wille 15, 16) observed that the elastic properties of carbon nanotubes in compression depend on the tube size.
MD simulations can provide considerable physical insight into the origin of structural properties of materials. 17) By using a suitable empirical potential, the classical MD simulations can calculate the mechanical properties of material with a desirable accuracy.
18) It is a powerful tool for observing nano-sized materials which are difficult to observe through experiments because of the very small scale. In this study, therefore, a classical MD simulation was employed in order to explore the nanomechanical behavior of the -SiC nanowire under uniaxial tension.
Simulation Procedures
A classical MD method was employed in this work, where atomic interactions are described by the potential energy function formulated by Tersoff. 19) This potential energy model was chosen because it provides good accuracy in the simulation of covalently bonded systems of silicon 20, 21) and carbon 22) as well as silicon carbide. 23) Newton's equations were then calculated with a time step of 1.0 fs (femto second) in a Gear's predictor-corrector algorithm. 24) It is assumed that the I-shaped -SiC nanowire had two end members connected by a cylindrical neck as shown in Fig. 1 . The structural description is summarized in Table 1 . The length of the nanowire part, the cylindrical neck, was 6.048 nm which was 14 times the size of the lattice parameter (0.432 nm) of the -SiC and both of the top and bottom parts were 0.864 nm long which was two times the length of the lattice parameter. Two different radii were considered: 0.432 and 0.864 nm. The top and bottom parts consisted of 652 atoms each, while the nanowire itself consisted of 301 atoms in the case of a 0.432 nm radius. The detailed description can be found in Table 1 . The tensile loading was applied along two different atomic orientations of [001] and [111] .
The top and bottom parts at both ends were assumed rigid, namely, the atoms in these parts were kept fixed during relaxation steps and thus the rupture was governed by the nanowire only. Atoms of the nanowire part were set dynamic and they were fully relaxed during MD steps. This type of tensile loading is similar to real stretching and it is supposed to provide realistic simulations. The stretching was done by displacing the top and bottom parts solidly along the pulling direction in an increment of Áz (0.01 nm) each. The total increment of length at each stretching step was therefore 0.02 nm. After each stretching step, the atomic arrangement in the stretched wire was relaxed during MD calculations at constant temperature. The canonical ensemble condition which means that the system temperature T, the total number of atoms N, and the total volume V are conserved was adopted during simulations. Such stretching and relaxation was repeated until the nanowire was ruptured. Finally, the effect of orientation, size and temperatures was studied on the nanomechanical properties of the -SiC nanowire.
Results and Discussion

[001] -SiC nanowire
The curve of strain energy vs. strain of the [001] -SiC nanowire with a 0.432 nm radius is shown in Fig. 2(a) . The temperatures chosen were 100, 300 and 500 K at constant strain. The strain is a dimensionless quantity defined as ðL À L 0 Þ=L 0 , where L 0 (6.048 nm) is a length of the initial nanowire and L is a length of the strained nanowire. The strain energy was calculated by the difference between total energy per atom of the elongated and initial -SiC nanowires. Assuming an elastic region, the following equation was derived for the strain energy: where k is a spring constant and ÁL is the length displacement of the -SiC nanowire. Then, the strain energy per atom, U s ð"Þ, is induced as follows:
where K ¼ kL 2 0 is defined as an effective spring constant, N means a number of atoms, and U 00 ¼ K=N is an effective strain energy constant per atom, i.e., the second derivative of the strain energy with respect to strain ".
The strain energy increases parabolically with strain until A 100 (strain 0.059), which means that the nanowire is in an elastic region. Passing A 100 , it begins to fluctuate until B 100 (strain 0.331) and in the mean time the elongation and nonhomogeneous structural deformation such as local necking proceeds through series of yielding and quasi-elastic states. Finally, the strain energy abruptly decreased down to C 100 (strain 0.348) at rupture. In this paper, the following notations will be used throughout. Point A À represents a stage just before the elastic limit (A) and A þ is for the case right after. Point B represents a state after which the strain energy and stress drop abruptly and C is for fracture. During simulation of the nanowire, the fracture may be attained by nonhomogeneous deformation passing through series of significant changes in atomistic configurations, and thus there may be several B states such as B i as shown in Fig. 2 (b), which shows the stress vs. strain curve of the same simulation at 300 K.
The elastic region up to A 100 at 100 K is enlarged in Fig.  2 (c) and the strain energy is optimized as a parabolic function of strain:
From eqs. (2) and (3), an effective spring constant K (2.438 eV) is obtained. The Young's modulus of the -SiC nanowire is also calculated by using the total energy data obtained from MD simulations. According to the classical mechanics, the Young's modulus (E) can be calculated using the following relationship.
25)
Here, V 0 is the equilibrium volume of the -SiC nanowire having a cylinder shape, r 2 L, where r is a radius and L is an initial length. We could obtain V 0 ¼ 3:5459 Â 10 À27 m 3 because r was 0.432 nm and L was 6.048 nm initially. The resultant Young's modulus was obtained 176.8 GPa from eq. (4). At 300 K, the strain energy is fitted to
From eqs. (2) and (5), the effective spring constant K is 1.834 eV and the Young's modulus is 133.2 GPa. At 500 K, U s is approximated as
Then, the effective spring constant K is attained as 1.465 eV and the Young's modulus is 106.2 GPa. They are summarized in Table 2 along with experimental measurements and previous calculations. The [001] Young's modulus obtained by Lambrecht et al. 14) through the full-potential-linearmuffin-tin-orbital (FP-LMTO) method is 362 GPa while Li and Wang 13) calculated it as 338 GPa by the plane-wave method. Recalling that the first-principles calculations are more realistic at lower temperatures, their values need to be compared with 176.8 GPa in this study, which is much smaller probably because of the small system size. A necessity to increase the specimen size was, therefore, incurred. Figure 3 displays the evolution of atomic configurations in the -SiC nanowire with a 0.432 nm radius explained in Fig. 2 . Black and grey atoms indicate C and Si atoms, respectively. Fig. 3(a) shows the simulation at 100 K. The meaning of A through C is the same as defined in Fig. 2 . From an initial state up to A À 100 the atomic bonds are stretched before any structural deformation occurs and the nanowire still remains in an elastic range. On further stretching, some of the bonds were increased in length and broken by yielding. Through repeated yielding and elongation, it undergoes significant structural non-homogeneous deformation until B 100 . Passing through B 100 , necking spreads out sporadically and finally fractures at C 100 without forming atomic chains near the interface between the top and the nanowire. Fig. 3(b) shows the evolution at 300 K. Until A 300 (strain 0.089), it belongs to an elastic region then it is followed by bond breaking, yielding and local necking. At B 3 300 (strain 0.374), the non-homogeneous deformation proceeded heavily and the local necking occurred at several locations along the length of the nanowire. At B 4 300 (strain 0.546), one atomic chain consisting mostly of Si-Si bonds was formed and eventually it resulted in fracture at C 300 (strain 0.549). As revealed in the present work, the deformed structure of the nanowire with a bundle of chains or a single atomic chain is very different from the original atomic configuration and hence it is expected to lead to dramatic changes in the mechanical properties. Previously it has been reported that the Young's modulus and the elastic strain attained by the nanowire is relatively higher than those of the bulk. 8, 11) In general, the high elastic strain in a nanowire or nanorod is obtainable because the mechanism of yielding by dislocations is absent.
8) The atomic chain during simulations originated from the structural transformation that was induced by high strain because the relative bonding strength is different, i.e., the bonding strength between Si and Si is lower than those of Si-C and C-C. Atomic chains obtained this way are suitable for conductors in atomic electronic circuits. 26) This type of atomic chain formation is generally observed in metallic materials. Bahn and Jacobsen 27) reported that the Ni, Pd, Cu and Ag contacts break without chain formation, but there is a tendency for Au and Pt to form atomic chains. Recent MD simulations on metallic nanocontacts support the possibility of occasional formation of atomic chains. [28] [29] [30] However, the atomic chains of a compound material have not been discovered. The current study suggested that the Si-Si atomic chain can form in theSiC nanowire under tensile loading. The evolution of atomic configurations at 500 K is shown in Fig. 3(c) . In this case, the atomic chain was also found at B 2 500 and the atomic bond length was further increased at B 3 500 . Eventually it was ruptured at C 500 (strain 0.489). By increasing the radius size of the -SiC nanowire from 0.432 to 0.864 nm, the curve of strain energy vs. strain is obtained in Fig. 4 at 100, 300 and 500 K. Compared with a previous simulation on the nanowire with a 0.432 nm radius, it shows more complicated and non-homogeneous behavior. Repeated yielding and elongation must have occurred frequently. The Young's modulus obtained from eq. (4) is shown in Table 2 . It decreased with temperatures due to increased softness of the nanowire material but increased slightly with the system size. Remembering that the Young's modulus in [001] obtained by Lambrecht et al. 14) is 362 GPa and Li and Wang 13) calculated it as 338 GPa, the current result of 197.2 GPa at 100 K is still below theoretical values even for the increased system size. Figure 5 (a) shows the snapshots of atomic configuration of the -SiC nanowire with a 0.864 nm radius at 100 K. Its behavior is generally similar to that with a radius of 0.432 nm at 100 K in that it was fractured near the interface between the nanowire and the end member without forming an atomic chain after necking. The atomistic evolution at 300 K is shown in Fig. 5(b) . As observed in the previous simulation of the specimen with a 0.432 nm radius, Fig. 3(b) , one atomic chain was also formed consisting mostly of Si-Si bonds and a larger strain was attained at B 2 300 before rupture. Finally, the atomic chain was broken in the middle of the nanowire at C 300 . At 500 K, almost the same behavior of the nanowire at 300 K was observed, even though it was not shown here.
[111] -SiC nanowire
The strain energy per atom is shown in Fig. 6 as a function of strain in the case of [111] -SiC nanowire with a 0.432 nm radius at three different temperatures of 100, 300 and 500 K. The strain energy in an elastic region can be approximated by a quadratic function up to A 100 (strain 0.264) then it is abruptly decreased but bounces back to B 100 (strain 0.369). At fracture the strain reaches 0.377, C 100 . The strain energy is fitted by a parabolic expression of strain at 100 K,
From eqs. (2) and (7), an effective spring constant K (5.348 eV) is obtained and the Young's modulus (364.5 GPa) is attained from eq. (4). At 300 and 500 K, the same methodology was applied to calculate the effective spring constant and the Young's modulus, which are shown in Table 2 . The comparison with published data will follow in the later part of the paper. The shape of the strain energy curve is similar irrespective of different temperatures. In this [111] case, the shape of the strain energy vs. strain curve is simple compared to the previous case of [001] orientation. When a single crystal is pulled in tension, the fundamental deformation mechanism is a shearing action based on the resolved shear stress on an active slip system. The -SiC nanowire is a diamond structure based on a fcc (face-centered cubic) system and its slip plane is (111). As the load is along a [111] orientation in the current simulation, the resolved shear stress on the (111) plane is zero, which means that no shearing takes place. The deformation will proceed only by bond stretching and breaking without nonhomogeneous local necking. Therefore, the deformation curve looks very simple.
The evolution of atomic configurations at 100 K is represented in Fig. 7(a) . Contrary to the case of the [001] orientation, the atomic chain was formed here. It occurred at A þ 100 and its length was further increased until B 100 (strain 0.374). Finally, the -SiC nanowire was fractured at C 100 (strain 0.384). This strain is larger than that of the same specimen in the [001] orientation, which was 0.348. Figure 7 (b) displays the snapshot of atomic configurations at 300 K. Until A 300 (strain 0.248), the bond of the nanowire was just stretched and it remained in an elastic region. One atomic chain made of Si-Si, Si-C and C-C bonds began to form at A þ 300 (strain 0.255) and its length was increased up to B 2 300 (strain 0.522). Finally, it was disconnected near the interface of the nanowire and the bottom part at C 300 (strain 0.526). The behavior at 500 K was also expected to be very similar as surmised from the strain energy vs. strain curve of Fig. 6 .
By increasing the radius of the -SiC nanowire from 0.432 to 0.864 nm, the curve of the strain energy vs. strain is obtained in Fig. 8 at 100 , 300 and 500 K. The overall feature of the curve is quite similar to that of the nanowire with a 0.432 nm radius. The Young's modulus calculated from eq. (4) at three different temperatures are shown in Nanomechanical Behavior of -SiC Nanowire in Tension: Molecular Dynamics Simulationsusing the full-potential-linear-muffin-tin-orbital (FP-LMTO) method is 603 GPa while Li and Wang 13) calculated it 558 GPa by the plane-wave method. Wong et al. [11] measured 610 GPa for the -SiC nanowire with a 23 nm diameter and 660 GPa in the case of 21.5 nm diameter. Petrovic et al. 12) obtained the averaged value of 581 GPa (AE10%) but it was spread out between 316 and 890 GPa. In this sense, the current simulations obtained a very satisfactory agreement with previous data, especially in the [111] orientation.
According to Fig. 9 (a) that displays the evolution of atomic configurations of the -SiC nanowire at 100 K, it lies in an elastic region until A 100 (strain 0.261). Passing this limit, it begins to form atomic chains and they are extended until B 2 100 . Eventually, the rupture takes place at C 100 (strain 0.410). At 300 K, passing through A 300 (strain 0.265), an atomic chain is being formed and it is disconnected at C 300 (strain 0.432). The atomistic behavior at 500 K was almost the same.
As has been addressed in this paper, the nanomechanical properties of the -SiC nanowire, especially in terms of Young's modulus, depended on its size and simulation temperatures. It generally increased with the system size (radius) and decreased with temperatures due to increased softness of the nanowire material. The current results showed the strong dependency of the elastic constants on the nanowire diameter, especially in the case of [111] . As easily imagined, the elastic constants approach to the theoretical value in the bulk as increasing the diameter. A further study showing the fullscale dependency of the elastic constants is necessary and will be helpful in the end. Above all, however, the atomic orientation of the initial -SiC nanowire exerted a more considerable effect on the value of Young's modulus.
To describe the fracture mode of a bulk system, a brittle or ductile mode was used. Generally, the brittle fracture takes place without yielding and necking, and thus a very small elongation is obtained. In comparison, the ductile one is accompanied by yielding and necking, and its elongation at fracture is relatively large. However, as revealed in this atomistic simulation of the nanoscale -SiC wires, such a mode was hard to apply because of overall non-homogeneous deformation (repeated yielding and elongation) and the appearance of several local neckings before fracture. In this case, the presence of atomic chains may be a criterion to determine the degree of brittleness. Table 3 shows the appearance of atomic chains under all conditions in the simulation. In the [001] orientation, the atomic chain was not formed at 100 K while it was formed at 300 and 500 K regardless of the system size. In the [111] orientation, the atomic chain was found at all temperatures and for different system sizes. This behavior may be significant together with the Young's modulus in its application to semiconductor devices and electronic circuits. [6] [7] [8] The elongation of theSiC nanowire obtained in this study is also very large remembering that the bulk -SiC is a very brittle and covalently-bonded material, which is attributed to the uniqueness of the nano-sized material system.
Summary
The molecular dynamics simulations using a Tersoff potential have been performed to study the nanomechanical behavior of the -SiC nanowire under tensile loading. The present analysis shows that the non-homogeneous deformation and the fracture behavior under uniaxial tension depend on its size, orientation and temperatures. The Young's modulus obtained by indirect simulations generally decreases with temperatures and increases with the radius, namely, diameter of the -SiC nanowire as long as the length scale remains the same. The initial orientation has been found to orientation showed two different modes, which is a brittle style at 100 K and a ductile one at 300 and 500 K. The ductile fracture was accompanied by formation of an atomic chain. In the [111] orientation, it was always fractured in the ductile mode and thus an atomic chain was formed before rupture. As revealed in this study, the molecular dynamics simulations are found again to be powerful tools in investigating the mechanical behavior of nano-sized materials.
